: We are developing position sensitive silicon detectors (PSDs) which have an electrode at each of four corners so that incident position of a charged particle can be obtained with signal from the electrodes. It is expected that the position resolution of the electromagnetic calorimeter (ECAL) of the ILD detector will be improved by introducing PSDs to detection layers. We have been developing the PSDs for several years. In the previous production we found that the charge separation is not optimally done due to the readout impedance. To solve the issue, we produced new PSDs with higher surface resistance with an additional resistive layer on the surface. We also implemented several techniques to decrease position distortion and increase signal-to-noise ratio which are essential for the optimal position resolution. The measurements on the prototype sensors are ongoing, including radiation source measurement and laser measurement using an ASIC for silicon pad detectors.
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Introduction
The International Linear Collider (ILC) is a future electron-positron collider for precise measurements of Higgs bosons and various BSM searches. Silicon-tungsten electromagnetic calorimeter (SiW-ECAL) is one of the candidates to be used in the International Large Detector (ILD) [1] , one of the detector concepts for the ILC. SiW-ECAL has a multilayer structure consisting of 20-30 layers of silicon detectors and tungsten absorbers. The main target of the ECAL is the measurements of photon energies. Most of photons from jets come from π 0 and follow the decay process of π 0 → 2γ. In order to improve the accuracy of π 0 reconstruction, sensors with high position resolution is desired to precisely measure direction of photons. The silicon sensors of the SiW-ECAL are segmented by 5.5 × 5.5 mm 2 cells to maximize performance of Particle Flow Algorithm (PFA) [2] . We are investigating possibility of implementing Position-Sensitive Detector (PSD) technique to each cell of the sensors in order to improve position resolution of particles, which may lead improvements on eg. PFA performance, π 0 reconstruction with kinematic fit, searching BSM with displaced neutral particles.
A schematic view of the simple silicon pad sensors in ECAL is shown in Fig. 1 (left) . Electronhole pairs are generated when a charged particle passes through a sensitive area. The reverse bias voltage moves the holes to the P + pad, and the charge directly goes to the electrodes covering the P + pad for the readout. Our PSD is a silicon sensor with segmented cells with similar structure, while each cell has an electrode at each corner instead of a simple pad spread over the cell. When the signal charge reaches P + pad, the charge is resistively split to electrodes via a resistive layer on the surface, as shown in Fig 1 (right) . The hit position is reconstructed as the gravity center of signal strengths of the electrodes at the four corners. In contrast to using smaller cells, the position resolution can be improved with minimal increase of the readout channels if we replace the silicon pads with PSDs in SiW-ECAL.
In the previous study, photons from a pulsed infrared laser were injected to the a single-cell PSD sensor of 7 × 7 mm 2 to demonstrate the position reconstruction [3] . The position is calculated by
where X rec and Y rec are the reconstruction position in X and Y axes and Q i is measured charge at each electrode on the corner. It was expected that X rec and Y rec should range from −1 to 1, but it appeared that the difference between maximum and minimum X rec (Y rec ), called "dynamic range" in the following discussions, is around 0.3, which degrades the position resolution by factor 7. Distortion of the reconstructed positions compared to the injected positions was also observed. To solve these issues, we developed a new PSD with ideas to increase the dynamic range and reduce the position distortion.
Specifications of the new PSD sensors
It is considered that the small dynamic range is due to the readout impedance, which can be comparable to the surface resistance of the previous PSDs. Since the readout impedance is recognized as serial impedance to the surface resistance, it degrades the dynamic range. The previous PSD was designed with meshed P + surface to increase the resistance from a planar P + pad, but it appeared to be insufficient. Due to technical reasons, further high resistance is difficult with this method. Instead, we adopted a dedicated resistive layer over the P + layer in the new design to propagate charge with higher resistance. It also benefits that the resistance can be easily controllable by changing the thickness of the layer, without changing the design of the layer which costs a lot. The P + layer is formed as small matrix dots instead of a mesh to prevent charge to spread over the P + layer. Since the noise can be higher with the larger resistance, it is necessary to find the optimal resistance to compromise the dynamic range and the noise performance. Among the sensors of the new design, we discuss three types of PSDs in this paper, called PSD1-1, PSD1-2 and PSD2. The cell size is 5.5 × 5.5 mm 2 , and the sensor thickness is 650 µm for all the sensors. It is also common to all the sensors that the left half of the sensors is formed with meshed P + surface, as same as the previous production, and the right half is formed with dedicated resistance layer, with the resistance tuned to be 10, 20 and 30 times larger than the meshed P + surface. We produced 6 sensors on each design, with two each having each surface resistance.
Figures 2 and 3 are photographs of PSD1 (PSD1-1 and PSD1-2) and PSD2, respectively. PSD1-1 and PSD1-2 has the same surface pattern. The schematic view of one pixel of PSD1 is shown in Fig. 4 . Circular pads are connected to the electrodes at the four corners to avoid big electrodes at the corners preventing the laser injection on the corner region. PSD1 has 4 by 4 cells, with 4 channels per cell, having a total of 64 channels of the readout electrodes.
The difference between PSD1-1 and PSD1-2 is the resistance pattern. PSD1-1 is formed with flat surface resistance over each cell. In contrast, PSD 1-2 has low resistance lines at the cell edges to reduce distortion, which is a proven method discussed in [4] . The schematic view of the resistance pattern is shown in Fig. 5 . The edge resistance is 4 (on the upper cells of the sensors) and 8 (on the lower cells of the sensors) times smaller than the resistance over the surface. The PSD2 features to share an electrode with neighbor cells, as shown in Fig 3, to suppress an increase of the number of the readout channels. This enables to realize the PSD with a similar cell size to non-PSD silicon pad sensors keeping the number of the readout channels to be the same. For example, a non-PSD silicon sensor with 256 readout channels can have 16 by 16 cells. If we replace it to a PSD with the same number of readout channels, we have to reduce the number of cells to 8 by 8 with PSD1 structure, while with PSD2 we can have 15 by 15 cells.
β radiation source measurement
In this study, we acquire the PSD signals using an ASIC called SKIROC2CMS and its evaluation board, developed in Omega / IN2P3 group. A SKIROC2CMS has 64 readout channels for silicon sensors, which is suitable for the readout of one PSD sensor. Figure 6 shows the overview of the readout structure and Fig. 7 shows the picture of the evaluation board. The input pins of the SKIROC2CMS are connected to a sensor board via a multipin connector. PSD sensors are connected to the sensor board by conductive glue using a glue-dispensing robot. To apply high voltage (HV) for the sensor bias, a HV board is connected to the sensor by a conductive adhesive tape. 150 V is supplied as the bias voltage from a voltage source, with a low-pass filter on the HV board for the noise reduction. 90 Sr source of 10 kBq is used for the irradiation measurement. The source is placed at about 12 mm distance from the PSD surface. Since 90 Sr is a pure electron source, we expect signal similar to minimum ionizing particles (MIPs), giving the avarage of 7.8 fC charge deposit with 650 µm silicon sensor, assuming full depletion. We checked the difference of trigger frequency with and without the source. The frequency is more than 1000 times higher with the source, which confirmed the signal with irradiation.
The hit position is reconstructed with the equation 1.1 and 1.2 after pedestal subtraction. Fig. 8 shows the distributions of reconstructed hit positions at each cell with irradiation. PSD 1-2 with the resistance layer 10 times larger resistance from meshed P + surface is used for the measurement. The source is located near the center of the PSD. The expected position ranges from −1 to 1, while the distribution is shown as the range of −2 to 2 to cover the fluctuation with the random noise. As already discussed, the left half is equipped with the meshed P + with lower resistance. It shows that the most of the signal is concentrated on small region at all cells of the left half. This is due to the small dynamic range as expected. In contrast, the distribution of the right half shows wider distribution almost reaching the full dynamic range of −1 to 1, which shows that the surface resistance of the cells is high enough. However, it shows several issues. First, we see the concentration of the hits at four corners of each cell. This is considered to be related to the triggering feature. Since SKIROC2CMS is not dedicated for the PSD measurements, it is triggered with signal of either of channels exceeding a certain threshold, and not triggered with a sum of four channels acquiring one cell of the PSD. Due to the noise of the electronics we set the threshold around half of the MIP charge. Since the threshold is not appopriate considering that the signal is split to four electrodes especially for hits around the center of a cell, this causes significant inefficiency of the trigger in the center region, causing more events on the corner and edge region. Another problem is that we still see distortion of the distribution regardless of the low resistance lines implemented on the edges of each cell. We do not see significant difference between two specifications of the edge resistance (by comparing upper and lower half). This should be investigated with measurements with other PSDs, which is ongoing. We also plan to confirm the non-flat response by measurements with laser injection. 
Summary
We developed a new series of PSDs with several ideas to improve the dynamic range and the position distortion. Wider dynamic range is observed with beta irradiation on a PSD with larger surface resistance. We need further studies of laser measurements and radiation measurements for various specifications of PSDs. After optimization of the structure of the PSDs, we plan to develop prototype sensors to be used for the ILD SiW-ECAL.
